As the penetration of distributed power sources in the power grid is getting higher and higher, the adverse effects are also increasing. It is necessary to adopt control technology to make the distributed power source participate in the power regulation of the power system. In this paper, a multifunctional high-power grid source simulator system is presented. For wider control bandwidth and better performance, a high-power, back-to-back converter and an auxiliary lower-power, back-to-back converter connected in cascade mode topology is proposed in this paper. The basic principle and implementation method of virtual synchronous generator (VSG) in the high-power, back-to-back converter are described to reflect the same power frequency characteristics and voltage regulation characteristics as synchronous generators. Amplitude closed-loop control is proposed to realize zero steady-state error in the lower-power, back-to-back converter, also with line impedance imitation. Meanwhile, a constant-impedance, constant-current, and constant-power (ZIP) load model is used to emulate static load in the grid simulator system. At last, a set of experimental results for a 2 MW grid simulator system is provided to verify the effectiveness and validity of the proposed approach.
Introduction
With the increasing penetration of distributed generation (DG) [1] [2] [3] [4] and large-scale renewable energy systems, more stringent grid codes [5] [6] [7] [8] [9] [10] [11] [12] have been issued to prescribe how those grid-connected systems support the network during grid disturbances. These papers introduce the concept and approach of the European Network Code on Requirements for Generators (NC RfG; EU Commission regulation 2016/631). It provides an overview on the status and details of the implementation in the main national markets for photovoltaic (PV) in Europe. Distributed power generation systems and networks should be carried out before the grid adaptability test. However, the target of the grid is to provide a standard three-phase sinusoidal voltage, thus synchronous generator characteristics are not common. Therefore, during a distributed power generation system test, where it is difficult to recreate the grid conditions through the grid, special equipment to simulate the grid conditions is needed.
To this end, domestic and foreign scholars have done a lot of research. Document [13] proposed the concept of a grid simulator through the d-q coordinate system; the output is no different from the input, but each controller can only track a special frequency harmonic and the algorithm is complex. A 200 kW grid simulator was designed in document [14] to simulate the power grid voltage drop, input, but each controller can only track a special frequency harmonic and the algorithm is complex. A 200 kW grid simulator was designed in document [14] to simulate the power grid voltage drop, swells, and high-frequency voltage. A load simulator consisting of resistive, inductive, and capacitive elements was also proposed in this paper, which allowed researchers to simulate a serious work situation of distributed systems, but the circuit composition and control methods of the simulator were not mentioned in this paper, so there were few technical parameters to follow. Three existing grid voltage drop generators were compared in literature [15, 16] . Compared with transformer and impedance form, power electronic converter form has stronger functions and wider applicability. Literature [17] researched a kind of multifunctional grid simulator, which can carry on the simulation to the power grid fault conditions, but the harmonic model uses root mean square (RMS) voltage feedback control, and the harmonic frequency cannot be accurately tracked. Literature [18] developed a programmable power grid fault simulation supply, where the inverter part adopts a three-phase bridge-type circuit, making it difficult to simulate grid voltage unbalance. In addition, the doubleloop adopts PIR control, which also makes the algorithm become complex.
This paper presents a multifunctional high-power grid simulator system based on a high-power, back-to-back converter and an auxiliary lower-power, back-to-back converter connected in cascade mode topology, with fully accomplished wider control bandwidth and better performance. The fundamental theory and implementation method of the VSG were developed in the high-power, back-to-back converter to embody the same power-frequency characteristics and voltage regulating characteristics as the synchronous generator set. Amplitude closed-loop control was proposed to realize zero steady-state errors in the lower-power, back-to-back converter, also with line impedance imitation. Meanwhile, a constant-impedance, constant-current, and constant-power (ZIP) load model was used to emulate static load in the grid simulator system. A new topology for the high-power grid simulator, together with the corresponding control strategy, enables the grid simulator system to imitate not only the characteristics of a synchronous generator but also harmonic generator characteristics and ZIP load.
The paper is divided into five parts. The first part is the brief introduction of this problem. After that, Section 2 presents a new topology for the high-power grid source simulator system. Section 3 introduces the control strategy of each part in the grid source simulator system. Section 4 describes experimental results and verifies the functionality and performance of the proposed grid source simulator. Finally, Section 5 summarizes the work.
A New Topology Design for High-Power Grid Source Simulator
Compared with the low-power grid simulator system, the high-power grid simulator system is much more complex because of its higher power rating, lower switching frequency, and lower control bandwidth, thus reducing the performance of the high-power grid simulator. Figure 1a shows the picture of the grid simulator system schematics. It includes four parts: the voltage source Eg of the system equivalent generator, the harmonic voltage source Eh of the system harmonic generator, the virtual line impedance Zs, and the system ZIP load Zload. The corresponding grid source simulator system topology is shown in Figure 1b . From the topology, we can see that the voltage source Eg is generated by a high-power, back-to-back, two-level circuit with a fundamental LC filter; the harmonic voltage source Eh is generated by a series of lowpower but high switching frequency, back-to-back, three-level circuits with a harmonic LC filter; and the output capacitance voltage of the fundamental LC filter is connected to the output capacitance voltage of the harmonic LC filter through a series injection transformer. The series injection transformer consists of three single-phase injection transformers; each single-phase injection transformer has a double-winding structure, and the three-phase neutral points are connected together. The voltage source Eg series coupling with the harmonic voltage source Eh component is the system source. The virtual line impedance Zs is realized by the control strategy in the following section. The system ZIP load Zload is realized by a back-to-back, two-level circuit shown in the topology. The back-to-back topology can realize the four-quadrant operation of energy, and also the feedback energy to the power grid.
The advantage of this new topology is that the voltage source Eg guarantees the power rating of the grid simulator system by using a high-power, back-to-back, two-level circuit while the harmonic voltage source Eh improves the performance of the high-power circuit by increasing the control bandwidth.
Control Strategy of Each Part in Grid Source Simulator System
This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, and the experimental conclusions that can be drawn.
Control Strategy of the Voltage Source Eg: Fundamental Theory and Implementation Method of VSG
The proposed VSG frequency control is analogous to that of a synchronous generator (SG) in Figure 2 . Thus, we assume a virtual inertia constant J for the VSG unit, such that speed ω of the voltage space vector of the VSG terminal is governed by the amplitude closed-loop control method of lower-power, back-to-back converter. The corresponding grid source simulator system topology is shown in Figure 1b . From the topology, we can see that the voltage source E g is generated by a high-power, back-to-back, two-level circuit with a fundamental LC filter; the harmonic voltage source E h is generated by a series of low-power but high switching frequency, back-to-back, three-level circuits with a harmonic LC filter; and the output capacitance voltage of the fundamental LC filter is connected to the output capacitance voltage of the harmonic LC filter through a series injection transformer. The series injection transformer consists of three single-phase injection transformers; each single-phase injection transformer has a double-winding structure, and the three-phase neutral points are connected together. The voltage source E g series coupling with the harmonic voltage source E h component is the system source. The virtual line impedance Z s is realized by the control strategy in the following section. The system ZIP load Z load is realized by a back-to-back, two-level circuit shown in the topology. The back-to-back topology can realize the four-quadrant operation of energy, and also the feedback energy to the power grid.
The advantage of this new topology is that the voltage source E g guarantees the power rating of the grid simulator system by using a high-power, back-to-back, two-level circuit while the harmonic voltage source E h improves the performance of the high-power circuit by increasing the control bandwidth.
Control Strategy of Each Part in Grid Source Simulator System
Control Strategy of the Voltage Source E g : Fundamental Theory and Implementation Method of VSG
The proposed VSG frequency control is analogous to that of a synchronous generator (SG) in Figure 2 . Thus, we assume a virtual inertia constant J for the VSG unit, such that speed ω of the voltage space vector of the VSG terminal is governed by the amplitude closed-loop control method of lower-power, back-to-back converter. 
where ω 0 and ω are reference and actual measured values of the converter output angular frequency, respectively, ∆ω is the difference between ω 0 and ω, P e is the VSG real output active power, and P m is the VSG input power defined by the droop characteristic. P ref is the reference value of the converter output power, m is the active droop constant. The relationship between the VSG terminal voltage angular frequency ω and position θ is
where angle θ is given to the VSG controller as a phase command of the VSG output voltage. The frequency control approach, based on (1)-(3), is represented by the block diagram of Figure 2 .
The proposed voltage controller for the VSG unit is also shown in Figure 2 . The VSG terminal voltage U is determined by the voltage droop block.
where U o and Q ref are the reference values of the converter output voltage and power, respectively. Q is the VSG real output reactive power, n is the reactive droop constant. Apply (2) to (1) , so that the reference angular frequency of the VSG can be obtained:
Equation (5) reveals the relation between parameters both from swing Equation (1) and from governor Equation (2) . Let J = 0, then (5) is similar to (2) . That is to say, droop control can be considered as a particular case of VSG control, where inertia J is equal to zero. ( ) 
Control Strategy of the Harmonic Voltage Source E h
The proposed amplitude closed-loop control is mainly achieved by a band-pass filter and PI controller. Figure 3 shows three harmonic combinations of amplitude closed-loop control. Coordinate transformation simplifies three phases into two phases, separating and extracting harmonics of corresponding frequency segments by using a band-pass filter control, since the amplitude is a scalar so that a PI controller can easily realize zero steady-state error. For example, the transfer function of the control strategy shown in Figure 3 is:
where ω n (n = 1,2,3) is central angular frequency; H 0 is the maximum amplitude at the central angular frequency, and the amplitude decreases by 20 dB/dec distance from the central angular frequency; Q f is the quality factor, which represents the sharpness of the frequency response curve of the filter, usually with a value of 5-10. Figure 4 shows the transfer function bode diagram of the amplitude closed-loop control with three harmonic combinations, among which Q = 5, H 0 = 1, ω 1 = 2π × 150 rad/s, ω 2 = 2π × 250 rad/s, ω 2 = 2π × 250 rad/s. From Figure 4 we can see the voltage at the three central angular frequencies, which is able to be accurately tracked.
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Control Strategy of the Virtual Line Impedance Zs Imitation
The actual power grid is not an ideal voltage source; the influence of internal resistance and line impedance [19] [20] [21] of the power grid should be taken into account. At the same time, due to the different impedance of harmonic lines, the problem of uneven power distribution in photovoltaic grid-connected systems needs to be solved urgently. Based on the simulation of ideal voltage source, the multifunctional power grid simulator system proposed in this paper can also simulate the impedance of fundamental and harmonic lines. The control block diagrams are shown in Figure 6a ,b, and the closed-loop transfer functions under two control block diagrams are given by Equations (7) and (8) . Figure 5 shows the simulation waveforms of three harmonic combinations using closed-loop amplitude control. From the waveforms, it can be seen that the proposed control method can accurately separate the combined harmonics and achieve zero error control of the corresponding harmonic voltage amplitude. 
The actual power grid is not an ideal voltage source; the influence of internal resistance and line impedance [19] [20] [21] of the power grid should be taken into account. At the same time, due to the different impedance of harmonic lines, the problem of uneven power distribution in photovoltaic grid-connected systems needs to be solved urgently. Based on the simulation of ideal voltage source, the multifunctional power grid simulator system proposed in this paper can also simulate the impedance of fundamental and harmonic lines. The control block diagrams are shown in Figure 6a ,b, and the closed-loop transfer functions under two control block diagrams are given by Equations (7) and (8) . 
Control Strategy of the Virtual Line Impedance Z s Imitation
Control Strategy of the Constant-Impedance, Constant-Current, and Constant-Power (ZIP) Load ZLoad
In power system analysis, the conventional static load model is represented by a series of equations (shown below) which is called ZIP load. They stand for the combination of constant impedance (Z), constant current (I), and constant power (P) loads in both real and reactive power [22, 23] . Commonly adopted in power flow calculations, the ZIP model represents the combination of the static characteristics of power system load. Figure 7 shows the control strategy of the ZIP load. The mathematical polynomials are written as (9) and (10) under presumption of minor fluctuation around nominal grid voltage. Also, frequency dependency effect on the load behavior is considered with the coefficients on real and reactive power.
where Po and Qo stand for the real and reactive power reference values, respectively, p1 and q1 are coefficients for constant impedance portions for real and reactive power, respectively, while p2 and q2 are for constant current portions, p3 and q3 are for constant power portions, and kpf and kqf are coefficients for the load frequency dependency characteristics.
The ZIP model could be used to fit the power consumption curves for most kinds of power system loads; higher order polynomials are neglected for simplifying the model. In the meantime, the percentage of Z, I, and P for system load could be determined by aggregating different load types and their usage within the grid. By determining the values for p1, p2, p3 and q1, q2, q3, the static load operating state can be specified. It is always set such that the sum of p1, p2, p3 is unity and the sum of q1, q2, q3 is unity.
As presented in Figure 8 , the emulated model uses voltages in the dq domain and emulated grid frequency as inputs for the ZIP model. External base real and reactive power commands are given to the model for specifying the actual power desired by customers. Output currents are calculated using the Equations (11) and (12) based on power equivalence relationship in the dq domain. The load In power system analysis, the conventional static load model is represented by a series of equations (shown below) which is called ZIP load. They stand for the combination of constant impedance (Z), constant current (I), and constant power (P) loads in both real and reactive power [22, 23] . Commonly adopted in power flow calculations, the ZIP model represents the combination of the static characteristics of power system load. Figure 7 shows the control strategy of the ZIP load. The mathematical polynomials are written as (9) and (10) under presumption of minor fluctuation around nominal grid voltage. Also, frequency dependency effect on the load behavior is considered with the coefficients on real and reactive power.
where P o and Q o stand for the real and reactive power reference values, respectively, p 1 and q 1 are coefficients for constant impedance portions for real and reactive power, respectively, while p 2 and q 2 are for constant current portions, p 3 and q 3 are for constant power portions, and k pf and k qf are coefficients for the load frequency dependency characteristics. The ZIP model could be used to fit the power consumption curves for most kinds of power system loads; higher order polynomials are neglected for simplifying the model. In the meantime, the percentage of Z, I, and P for system load could be determined by aggregating different load types and their usage within the grid. By determining the values for p 1 , p 2 , p 3 and q 1 , q 2 , q 3 , the static load operating state can be specified. It is always set such that the sum of p 1 , p 2 , p 3 is unity and the sum of q 1 , q 2 , q 3 is unity.
As presented in Figure 8 , the emulated model uses voltages in the dq domain and emulated grid frequency as inputs for the ZIP model. External base real and reactive power commands are given to the model for specifying the actual power desired by customers. Output currents are calculated using the Equations (11) and (12) based on power equivalence relationship in the dq domain. The load emulator current behavior is controlled accurately according to the references so as to ensure the power consumptions at the load bus are the ones described in (13) and (14) .
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Experiment Results
In order to verify the correctness of the theoretical analysis and the feasibility of the design scheme of the MW multifunctional power grid simulator, an experimental platform of a 2MW power grid simulator was built and the corresponding experimental verification was carried out. The platform relies on the National Key R&D Project; Figure 9 is a brief introduction of the whole project. The key technology is the generator-type power grid simulator with complex operating conditions mentioned in this paper. The demonstration project establishes a configuration visualization master control platform shown in Figure 10 based on LabVIEW, and realizes the terminal control of the whole demonstration system through ModBus industrial communication protocol. The experimental platform hardware photos are shown in Figure 11 ; among them the digital processing chip of the system adopts the TMS320LF283xx produced by Texas Instruments Company located in Dallas, TX, USA. The key technology is the generator-type power grid simulator with complex operating conditions mentioned in this paper. The demonstration project establishes a configuration visualization master control platform shown in Figure 10 based on LabVIEW, and realizes the terminal control of the whole demonstration system through ModBus industrial communication protocol. The experimental platform hardware photos are shown in Figure 11 ; among them the digital processing chip of the system adopts the TMS320LF283xx produced by Texas Instruments Company located in Dallas, TX, USA. mentioned in this paper. The demonstration project establishes a configuration visualization master control platform shown in Figure 10 based on LabVIEW, and realizes the terminal control of the whole demonstration system through ModBus industrial communication protocol. The experimental platform hardware photos are shown in Figure 11 ; among them the digital processing chip of the system adopts the TMS320LF283xx produced by Texas Instruments Company located in Dallas, TX, USA. The power network simulator is power and electronic equipment with a real power grid. The virtual synchronous generator technology is used to simulate the high-order electromagnetic transient characteristics of a synchronous generator and support the operation of the whole system. The output voltage and current waveform of the 2MW grid simulator with dropping control and inertial control characteristics is shown in Figure 12 . When the sag coefficient m = 1 p.u., the system frequency decreases by 0.2 Hz; when the inertia coefficient J = 1 p.u., the system recovery time is 2 s. The power network simulator is power and electronic equipment with a real power grid. The virtual synchronous generator technology is used to simulate the high-order electromagnetic transient characteristics of a synchronous generator and support the operation of the whole system. The output voltage and current waveform of the 2MW grid simulator with dropping control and inertial control characteristics is shown in Figure 12 . When the sag coefficient m = 1 p.u., the system frequency decreases by 0.2 Hz; when the inertia coefficient J = 1 p.u., the system recovery time is 2 s. The SC100 energy storage converter can adaptively switch current source and voltage source control mode to the 2MW grid simulator and finally solve the problem of weak grid instability of the current source converter. Figures 13 and 14 show the voltage and current waveform of SC100 full power current source and voltage source connected to the 2MW grid simulator. As can be seen from the figure, SC100 energy storage inverters are merged into the power grid simulator in the form of current source and voltage source at t1 and t2, respectively. After a period of adjustment, the grid connection can be successfully completed. The power network simulator is power and electronic equipment with a real power grid. The virtual synchronous generator technology is used to simulate the high-order electromagnetic transient characteristics of a synchronous generator and support the operation of the whole system. The output voltage and current waveform of the 2MW grid simulator with dropping control and inertial control characteristics is shown in Figure 12 . When the sag coefficient m = 1 p.u., the system frequency decreases by 0.2 Hz; when the inertia coefficient J = 1 p.u., the system recovery time is 2 s. The SC100 energy storage converter can adaptively switch current source and voltage source control mode to the 2MW grid simulator and finally solve the problem of weak grid instability of the current source converter. Figures 13 and 14 show the voltage and current waveform of SC100 full power current source and voltage source connected to the 2MW grid simulator. As can be seen from the figure, SC100 energy storage inverters are merged into the power grid simulator in the form of current source and voltage source at t1 and t2, respectively. After a period of adjustment, the grid connection can be successfully completed. The SC100 energy storage converter can adaptively switch current source and voltage source control mode to the 2MW grid simulator and finally solve the problem of weak grid instability of the current source converter. Figures 13 and 14 show the voltage and current waveform of SC100 full power current source and voltage source connected to the 2MW grid simulator. As can be seen from the figure, SC100 energy storage inverters are merged into the power grid simulator in the form of current source and voltage source at t 1 and t 2 , respectively. After a period of adjustment, the grid connection can be successfully completed. Figure 13 . Voltage and current waveform of SC100 full power current source connected to grid. Figure 13 . Voltage and current waveform of SC100 full power current source connected to grid. The harmonic generator is realized by high-power density inverters. A hybrid topology composed of new wide bandgap devices and traditional devices is used to realize the single-machine power of inverters greater than 100 kW, power density greater than 1.0 W/cm 3 , and efficiency greater than 99%. At the same time, phase-change thermal siphon cooling technology is used to ensure the stable and safe operation of the inverters. Figure 15 shows spectrum analysis of the produced signals. However, the spectrum should be theoretically with discrete values (only the fundamental and harmonics), but the graphs (a), (b), and (c) show continuous spectrum with some peaks; however, with a series of odd harmonic voltages, such big noise in the spectrum is mainly caused by the dead time [24] [25] [26] . The harmonic generator is realized by high-power density inverters. A hybrid topology composed of new wide bandgap devices and traditional devices is used to realize the single-machine power of inverters greater than 100 kW, power density greater than 1.0 W/cm 3 , and efficiency greater than 99%. At the same time, phase-change thermal siphon cooling technology is used to ensure the stable and safe operation of the inverters. Figure 15 shows spectrum analysis of the produced signals. However, the spectrum should be theoretically with discrete values (only the fundamental and harmonics), but the graphs (a), (b), and (c) show continuous spectrum with some peaks; however, with a series of odd harmonic voltages, such big noise in the spectrum is mainly caused by the dead time [24] [25] [26] .
In the full bridge converter composed of full control devices, the dead time must be added to the upper and lower switch signals of the same bridge arm to prevent the switch device from burning due to the through fault of the bridge arm. The existence of this dead time will make the actual output voltage of the inverter deviate from the ideal voltage.
As shown in Figure 16 , if the dead time is added to the gate level drive of the upper and lower tubes of the bridge arm, such as the delay opening t d , the output voltage of the inverter bridge will be different from the ideal command voltage, which is related to the current flow direction. As shown in Figure 17a ,b, when the current flows to the middle point O of the bridge arm, during the period when T 3 is normally closed and T 4 is delayed to open, D 1 and D 4 will continue to flow, and the output voltage of the bridge arm is equal to Vdc, that is to say, the output voltage is the same as the ideal command voltage in this dead time. In the second dead time period (i.e., when T 1 is normally closed and T 2 is delayed to open), D 1 and D 4 will continue to flow, and the output voltage of the bridge arm is equal to V dc . During this period, the output voltage should be zero, which is the error caused by the dead time voltage. In the first T d , the output voltage is equal to zero, and the deviation from the ideal U inv is −V dc . Energies 2019, 12, x FOR PEER REVIEW 12 of 19 In the full bridge converter composed of full control devices, the dead time must be added to the upper and lower switch signals of the same bridge arm to prevent the switch device from burning due to the through fault of the bridge arm. The existence of this dead time will make the actual output voltage of the inverter deviate from the ideal voltage.
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Therefore, it can be represented by a square wave superimposed on the ideal sinusoidal output voltage, which is opposite to the polarity of the current. By Fourier decomposition of this square wave, a series of odd harmonic voltages are obtained as follows:
One idea to improve the quality of voltage waveform is to add a harmonic controller which can suppress the corresponding times. Resonance control and repetitive control have similar frequency characteristics, which can generate infinite gain at a specific frequency, so that the voltage instructions at these frequencies can be tracked without static difference or the disturbance at these frequencies can be fully suppressed. Therefore, two kinds of control are widely used to eliminate the specific subharmonic components. Figure 15d is the output voltage and current waveform of a 2MW multifunctional power grid simulator connected to the stator terminal of a doubly fed machine. From the current waveform, the output current contains 50 Hz fundamental wave and 10 Hz noncharacteristic subharmonics. It is well known that the subsynchronous oscillation (SSO) caused by noncharacteristic subharmonics plays a very important role in motor research, but the existing research is very important. The multifunctional power grid simulator proposed in this paper can provide the necessary research environment for the study of subsynchronous oscillation by giving the frequency and amplitude of the noncharacteristic harmonic voltage below 50 Hz. Figure 18a is the working voltage waveform of the 2MW power grid simulator with 500 kW inverter load output 315 V 50 Hz; Figure 18b Figure 18 verifies that the 2MW grid simulator can work normally with the inverter load, and provides the fundamental or harmonic combination test conditions for the inverter load. Figure 19a -c show the output voltage waveforms of the power network simulator when the simulated fundamental resistance is 10 Ω, the inductance of the fundamental line is 0.03 H, and the resistance of the fundamental line is 0.03 H. Figure 19 d-f show the output voltage waveforms of the power network simulator when the simulated fifth harmonic resistance is 10 Ω, the fifth harmonic inductance is 0.03 H, and the fifth harmonic line resistance-inductance is 10 Ω + 0.03 H. According to the experimental waveforms and data, the errors of impedance simulation can be calculated and analyzed as shown in Table 1 . Figure 18 verifies that the 2MW grid simulator can work normally with the inverter load, and provides the fundamental or harmonic combination test conditions for the inverter load. Figure 19 d-f show the output voltage waveforms of the power network simulator when the simulated fifth harmonic resistance is 10 Ω, the fifth harmonic inductance is 0.03 H, and the fifth harmonic line resistance-inductance is 10 Ω + 0.03 H. According to the experimental waveforms and data, the errors of impedance simulation can be calculated and analyzed as shown in Table 1 . Figure 19 d-f show the output voltage waveforms of the power network simulator when the simulated fifth harmonic resistance is 10 Ω, the fifth harmonic inductance is 0.03 H, and the fifth harmonic line resistance-inductance is 10 Ω + 0.03 H. According to the experimental waveforms and data, the errors of impedance simulation can be calculated and analyzed as shown in Table 1 . Constant impedance, constant current, and constant power modes are adopted. The corresponding coefficients are shown in Table 2 . From Figure 20 , it can be seen that the corresponding impedance, current, and power are almost as constant values. The rectifier side current is fed back to the DC source. The load does not actually consume energy, and the energy is only consumed in power electronic devices and transmission loops. Constant impedance, constant current, and constant power modes are adopted. The corresponding coefficients are shown in Table 2 . From Figure 20 , it can be seen that the corresponding impedance, current, and power are almost as constant values. The rectifier side current is fed back to the DC source. The load does not actually consume energy, and the energy is only consumed in power electronic devices and transmission loops. Table 2 . ZIP load model parameters.
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The experimental verification of the proposed MW multifunctional power grid simulator system with line impedance simulation is carried out from both steady and transient aspects, which fully proves the correctness, effectiveness, and flexibility of the proposed power grid simulator system scheme. Moreover, by setting the parameters of the upper computer control interface, various required power grid faults can be simulated. The experimental verification of the proposed MW multifunctional power grid simulator system with line impedance simulation is carried out from both steady and transient aspects, which fully proves the correctness, effectiveness, and flexibility of the proposed power grid simulator system scheme. Moreover, by setting the parameters of the upper computer control interface, various required power grid faults can be simulated.
Conclusions
This work has comprehensively described a multifunctional high-power grid simulator system. A detailed explanation about the hardware implementation has been provided. The control strategy of each part has also been described in detail. The main objective of the setup is to obtain experimental results which can confirm the validity of different control proposals. 
This work has comprehensively described a multifunctional high-power grid simulator system. A detailed explanation about the hardware implementation has been provided. The control strategy of each part has also been described in detail. The main objective of the setup is to obtain experimental results which can confirm the validity of different control proposals.
1.
A novel topology for a megawatt high-power grid source simulator is proposed, which solves the problem of control bandwidth limitation in high-power grid simulator systems; 2.
A closed-loop control strategy using filter to separate harmonics and amplitude is proposed, which can effectively realize zero error harmonic voltage tracking;
3.
The functions of virtual line impedance simulation and arbitrary harmonic impedance simulation of the MW multifunctional power grid simulator system are realized. By adjusting the line impedance online, the problem of uneven power distribution in photovoltaic grid-connected systems can be solved, and the shortcomings of previous power grid simulators that only simulate ideal voltage sources are perfected.
4.
A constant-impedance, constant-current, and constant-power load model is adopted. The load does not actually consume energy, and the energy is only consumed in power electronic devices and transmission loops.
A complete experimental section has demonstrated the interesting and flexible behavior of the described grid simulator system, which fully proves the correctness, effectiveness, and flexibility of the proposed power grid simulator system scheme. 
Conflicts of Interest:
The authors declare no conflict of interest. 
Nomenclatures

List of Abbreviations
